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Abstract
Time-resolved PIV and time-resolved stereo PIV measurements are carried out in the tip leakage vor-
tex of a single non-rotating airfoil placed in the potential core of a flanged rectangular jet in free field
conditions. The experiment is based on the improvement of an existing rig: a cambered airfoil
(NACA5510) now mounted with a 16:5  0:5 angle of attack between two horizontal plates, a
10 mm gap being maintained between the airfoil tip and the lower (casing) plate. The mean flow
velocity is 70 m=s, which corresponds to a 0:2 Mach number and a chord-based Reynolds number of
933, 000. Unlike in the former experiment carried out with this rig, the boundary layer thickness is
now smaller than the gap, which significantly reduces the interaction between the upstream turbu-
lence and the airfoil leading edge as well as the resulting interaction noise. The measurements
described here include the far field. The upstream flow is characterised with hotwire anemometry.
LDV profiles are also obtained in the tip leakage region and compared to the PIV measurements. The
experiment is also designed to provide validation data for unsteady CFD computations of the same
configuration as shown in a companion paper.
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Introduction
Tip clearance ﬂows are a major concern in many industrial applications, from automotive
fans to airplane turbomachines. They are not only the cause of aerodynamic losses but are
also suspected to be efﬁcient sound sources. For all these reasons, rotor tip clearance ﬂows
have been a subject of interest in turbomachinery and aeroacoustic research for a long time
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as discussed in Jacob et al.1 In recent years, beside the research reported in Jacob et al.1
that addresses the tip leakage ﬂow of an isolated non-rotating airfoil, most studies are
concerned with tip leakage noise in fans: several authors studied low speed fans,2 fans
near surge conditions,3 rotating instabilities,4 or fans with tip/casing treatments.4 In fact,
few papers are concerned with tip ﬂows of isolated non-rotating blades, and since the experi-
ments of Jacob et al.1 and related computations, there have been no further studies in such
academic conﬁgurations.
The new experiment discussed in the present paper is meant to complement and improve
the information from the previous campaign.
. The background noise of the rig has been reduced in order to provide a better signal-
to-noise ratio for the acoustic measurements.
. Moreover, PIV measurements are carried out in cross sections of the tip leakage vortex
(TLV) in order to characterise its axial vorticity.
. The present paper is focused on mean ﬂow characterisation, but the use of time-resolved
(TR) PIV, provides a large amount of data that is to be more thoroughly analysed in
future publications.
. The data set of this new experiment is also suitable for validation of LES or hybrid
RANS/LES computations as shown in Boudet et al.5
In the next section, we shall describe the overall experimental set-up and indicate changes
with respect to the existing rig. The inﬂow conditions as well as the aerodynamic installation
of the airfoil are discussed in the succeeding section. The following three sections are dedi-
cated to LDV, 2 Dimensional 2 Component (2D-2C) Time Resolved (TR) PIV and 2
Dimensional 3 Component (2D-3C) TR PIV respectively. Far ﬁeld measurements are brieﬂy
discussed in the penultimate section. The last section is devoted to conclusions and ends the
main body of the article.
Experimental set-up
Existing rig and rig modifications
Flow set-up. The single airfoil experiment is conducted in the large anechoic room of the ECL
(10 m 8 m 8m) in a 0:45 m 0:2 m rectangular open jet. The airﬂow is guided 2:5 m
into the room by a square 0:56 m 0:56 m and 2 m long duct with a 7:5 angle with respect
to the room inlet–outlet axis. The purpose of this duct is to allow for upstream propagation
and to compensate ﬂow deviations due to the airfoil (that might damage the anechoic
coating of the room). Air is supplied by a high-speed subsonic anechoic wind tunnel at
Mach numbers M ranging up to 0:4.
For practical reasons however (mechanical forces onto the airfoil support, vibrations,
etc.) and for numerical reasons (chord based Reynolds number: Rec5 106), the Mach
number was maintained below 0:27 ð90 m=sÞ and the main (or reference) conﬁguration
was at M 0:2 ð70 m=sÞ. Although these speeds may appear quite small, they are not
much lower than that of an approaching aircraft for which fan broadband noise is a
major sound source. Unless mentioned otherwise, the velocity will be U0 ¼ 70 m=s and
the gap h ¼ 10 mm throughout the paper. The jet is ﬂanged by two plates on the upper
(hub) and lower (casing) side of the jet.
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Rig modifications
The experimental set-up, which is shown on Figure 1, is based on an existing rig1,6: an ini-
tial gap between each of the plates and the nozzle lip provided a passive suction device that
allowed tuning the boundary layer thickness. The airfoil was mounted in the potential core
region of the jet onto a wooden disk that was attached to the upper plate and could be turned
in order to modify the angle of attack. Another disk was mounted onto the lower plate. Two
disks had been designed for the lower plate: one that contained a square glass window for PIV
measurements, and a wooden disk that could be equipped with probes and probe supports.
In the present experiment, the boundary layer suction device has been suppressed in order
to obtain a non-tunable but much thinner boundary layer. Moreover, in order to quieten
the surrounding jet ﬂow and to reduce low frequency jet oscillations, the nozzle lips as well
as the plate edges have been equipped with brushes. As a result, the turbulence level in the
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Figure 1. Picture of the experimental set-up, where the airfoil is equipped with static pressure probes
and an HWA probe is in an upstream section (top). Sketch showing the two coordinate systems
(bottom): the dark stripes symbolise the brushes.
Jacob et al. 3
main ﬂow at the jet nozzle is u0= U0 0:5%. For a U0 ¼ 70 m=s nozzle outlet velocity,
the boundary layer thickness is 7:5mm half a chord upstream of the airfoil instead
of 18mm. Similarly, the displacement thickness is reduced from 1:4 to 0:95mm.
Airfoil and reference configuration
The airfoil is a NACA5510 (chord c ¼ 200 mm, span ‘ ¼ 190 to200 mm, thickness
e ¼ 20 mm, 5% camber). It is located 1:5 chords downstream of the jet nozzle. There
are two reference conﬁgurations: for both conﬁgurations, the geometrical angle of attack
(AoA) is 16:5  0:5, the ﬂow is uniform within 0.6%, and its speed at the nozzle outlet is
U0 ¼ 70 m=s or 40 m=s. The two conﬁgurations only differ by the size of the gap, one having
an h ¼ 10 mm gap and the other having no gap at all, herein the ‘‘no gap conﬁguration’’:
although this conﬁguration is a ‘‘self noise’’ conﬁguration in the classical sense, i.e. trailing
edge self noise, we will avoid to name it simply the ‘‘self noise conﬁguration’’ because this
term is misleading in the present case: it will indeed be shown that the tip clearance noise is
also a self noise source stricto senso since it is located on the airfoil and is due to ﬂow
perturbations generated in the gap.
Coordinate systems
There are two coordinate systems of interest in the present study.
The ﬁrst is convenient to describe the ﬂow impinging onto the airfoil and originates on the
lower plate below the airfoil leading edge (point O’). The X axis is aligned with the main
ﬂow direction, that is the nozzle axis, the Z-axis is in the spanwise (vertical) direction and is
oriented from the lower to the upper plate, whereas the Y-axis is in the cross-stream direction
to the left when looking into the streamwise direction.
The second coordinate system is parallel to the ﬁrst, but its origin O is on the trailing
edge/gap corner. For the sake of clarity, it will be labelled O, x, y, zð Þ: The motivation for
this choice originates from earlier measurements on the present rig5: the TLV is roughly
aligned with the main incoming ﬂow direction and the angle of its conical shape corresponds
approximately to the angle of attack. Thus, the second coordinate system is almost parallel
to the TLV core trajectory. This will be checked in more detail hereafter.
Inflow assessment and mean pressure
The inﬂow parameters were assessed using classical hot wire anemometry (HWA) as well as
Laser Doppler Velocimetry (LDV).
Hot wire anemometry
The HWA device is a Dantec anemometer with a 55P01 Dantec probe mounted on a probe
support. The probe calibration accounts for both velocity and temperature and is adjusted
on the run with a Pitot probe and a thermal probe mounted in the vicinity of the HWA
probe without perturbing the ﬂow around the HWA probe. The signals are recorded with a
102:4 kHz and with a 45 kHz sampling frequency.
4 International Journal of Aeroacoustics 0(0)
Incoming flow and mean pressure distribution at mid-span
The incoming ﬂow is measured in four cross sections upstream of the airfoil (X ¼ c=2,
3c=4,  c,  3c=2Þ.
Upstream velocity profiles and turbulence level. The left plot of Figure 2 shows the non-
dimensional streamwise velocity spanwise proﬁles obtained with single HWA in the
10 ﬁrst Boundary layer thicknesses away from the lower plate. The proﬁles collapse
almost perfectly, and away from the plate, and the ﬂow becomes uniform within 1%.
As shown on the right plot of this ﬁgure, away from the plate boundary layers the
turbulence level drops down to about 1%, and the rise around 7 10  remains unclear.
In the casing plate boundary layer, the turbulence level reaches about 7:4 8% that is 1%
less than in Boudet et al.5 This maximum is reached between Z=0:1 and 0:3.
Mean velocity and velocity ﬂuctuation proﬁles in the cross-stream direction, which are
not shown here, conﬁrm the uniformity of the upstream velocity about one chord away from
airfoil in both directions, with a turbulence dropping down to 0:5% in the central part of the
ﬂow (not shown here).
Boundary layer parameters. The main boundary layer parameters extracted from the proﬁles
plotted on Figure 2 are summarised in Table 1.
These results are very important as they show that in the present experiment, the bound-
ary layer in the vicinity of the airfoil is clearly thinner than the tip clearance (h ¼ 10 mm).
Moreover, the maximum turbulence level (7:5 8%) is reached at less that =3: thus the
direct interaction noise between boundary layer turbulence and the airfoil leading edge is
kept small. In particular, it is worth noting that at X ¼ c=2, the maximum is at Z 1 mm,
which is far less than the tip clearance h ¼ 10 mm and at Z ¼ h, the turbulence level is less
Figure 2. Stream-wise mean velocity (left) and rms velocity fluctuation (turbulence intensity) (right)
upstream of the flow at X ¼ c=2; 3c=4,  c,  3c=2: The turbulence intensity is expressed in per-
centage. Profiles of the casing wall are shown in the spanwise direction, the Z coordinate is non-dimen-
sionalised against the boundary layer thickness.
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than 2:5%. This was not the case in Jacob et al.,1 where the interaction source was probably
responsible for a large part of the background noise resulting in a very low signal-to-noise
ratio for the tip clearance noise.
Boundary layer spectra. Boundary layer spectra have been obtained both from HWA and
LDV. A typical result obtained from HWA is displayed on Figure 3 with two frequency
resolutions (0.3125 and 3.125Hz) and 20 averages each. The spectra shown on this ﬁgure are
obtained in the casing plate boundary layer upstream of the airfoil and in the unperturbed
external ﬂow. The latter have a very low turbulence level: therefore, some low frequency noise
sources peak out from the broadband spectrum between 30 and 200Hz typically but are not
recognisable in the boundary layer spectra. Their physical origin will be discussed later.
Cp at mid-span: tuning the AoA
The pressure distribution at mid-span helps to determine the angle of attack in order to meet
similar airfoil loading conditions as those reported in Jacob et al.1 These are highly dependent
Figure 3. Spectra in the upstream boundary layer (black) and in the unperturbed incoming flow (red):
each spectrum is obtained and plotted with two frequency resolutions (0.3 Hz and 3Hz).
Table 1. Boundary layer thickness , displacement thickness , momentum thickness  and shape factor
H at four streamwise positions in the incoming flow.
X ¼  3c=2 X ¼  c X ¼  3c=4 X ¼ c=2
ð=mmÞ 4.5 6.2 7.0 7.5
ð=mmÞ 0.56 0.83 0.91 0.95
ð=mmÞ 0.35 0.45 0.50 0.56
H 1.62 1.82 1.84 1.70
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on the upstream conditions. Since in the present case the upstream shear ﬂow turbulence and
the boundary layers have been reduced, the choice was made to adapt the airfoil angle of
attack in order to keep the same Cp distribution. As a result, the angle of attack was set to
16:5 0:5, that is signiﬁcantly higher than in the former experiment (15  0:5Þ. The Cp at
mid-span shown in Figure 4 ﬁts within 7% the Cp reported in Jacob et al.
1
LDV measurements in the tip region
LDV measurements have been carried out in the tip region: two velocity components, the
streamwise velocity u, the spanwise velocity component w, their mean values U andW as well
as the rms values of their ﬂuctuations have been measured across the TLV at various
streamwise and spanwise positions along cross-stream directions from the suction side wall.
LDV set-up
The LDV measurements are carried out with a Dantec, backscatter LDV system. Two pairs
of beams are used for two-dimensional velocity measurements. They are supplied by the
green line (514 nm) and the blue line (488 nm) of two Coherent DPSS (Diode Pumped Solid
State) 1 W Laser sources. The beams of each pair undergo a relative frequency shift of
40 MHz in a Bragg cell. The four beams are guided to the ﬂow with an optical ﬁbre,
which is terminated by a focusing lens with a focal length of 400 mm for the gap region.
The beams of each pair have a mutual angle of 5.6. In the gap region, the size of the
measurement area (i.e. the spatial resolution) is about 119 mm2 in the measurement plane
whereas its length in the cross-stream direction is about 2:4 mm. The Fringe spacing is
5:286 mm for the green line and 4:992 mm for the blue line. The backscattered beams are
focused by the same lens and sent through an optical ﬁbre onto photomultipliers. The signals
are then treated by two Dantec real-time signal analysers and post-processed on a personal
computer. The seeding material is vaporised parafﬁn injected into to wind-tunnel fan inlet,
thus ensuring a homogeneous mixing throughout the ﬂow. LDV measurements are carried
Figure 4. Cp distribution at mid-span. Comparison with the results of Jacob et al.
1
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out in the same region as PIV measurements, namely around the airfoil in the gap region.
They provide a useful comparison for the PIV measurements as well as spectral information.
Velocity profiles
Velocity proﬁles obtained from LDV are shown together with proﬁles extracted from PIV
measurements in Figures 16 and 17, whereas errors are compared on Figure 18.
Typical spectra
Typical velocity spectra obtained from the LDV measurements in the x ¼ 2 mm section are
shown in Figure 6 and the location of the measurement points is plotted in Figure 5 where
iso-contours of the spanwise velocity obtained from 2D-2C TR PIV are also shown in the
background.
The spectra of plot (a) of Figure 6 are obtained near the airfoil trailing edge ð y ¼ 5 mm):
they are smooth and have a relatively low level compared to those from the other plots: this
suggests that TLV does not inﬂuence too much the motion near the trailing edge. Moreover,
the z ¼ 5mm spectrum is much lower than those obtained at z  0: this is because it is lower
than the tip clearance and therefore quiet ﬂuid from the pressure side sweeps past this point.
Most spectra from plots (b), (c) and (d) that are obtained at the cross-stream positions
y¼ 30mm, 40mm, and 50mm, respectively, are dominated by a broad peak between 30 Hz
and 100 Hz whose level increases as the probe approaches the vortex core. Moreover, these
peaks are stronger on the airfoil facing side of the TLV (b) than on the side facing the outer
ﬂow (d). This suggests that the peak might be due to a mechanism related to the TLV rather
than to the surrounding jet. The peak is also present in the inﬂow spectrum of Figure 3, but
three orders of magnitude smaller than in the TLV: it could be the sound generated by the
mechanism that appears on the inﬂow spectrum of the otherwise unperturbed upstream but
there is no further evidence for such an interpretation.
Figure 5. Velocity spectra obtained from LDV measurements in the TLV at x ¼ 2 mm. (a) y ¼ 5 mm;
(b) y¼ 30mm; (c) y¼ 40mm and (d) y¼50mm.
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Another interesting observation of these spectra is that the points near the casing plate are
less (or even not) affected by the low frequency phenomenon than the points away from the
wall. The unperturbed ‘‘layer’’ decreases away from the airfoil. The reason for this is unclear,
as no physical explanation for this peak has been found so far.
2D-2C TR-PIV measurements
First two-dimensional–two-component time resolved (2D-2C TR) PIV measurements have
been carried out in the TLV region at various streamwise stations. The measurement planes
are cross sections of the TLV as it rolls up from the suction side tip edge into the downstream
direction, almost parallel to the x-direction (Figure 7).
2D-2C PIV set-up
For the measurement of the cross-stream velocity components v,w in a cross-stream plane
y, zð Þ, the light sheet was parallel to this plane. The Laser source was placed on the suction
side pointing towards the airfoil as shown on Figure 8. In order to minimise light reﬂections,
the airfoil was painted in black. The source was a Quantronix Dual Cavity Laser that could
Figure 6. Locations of the measurement points corresponding to the spectra of Figure 5.
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be directed via a mobile arm. The ﬂow was seeded in the same manner as for the LDV
measurements at the inlet of the wind-tunnel fan, ensuring a homogeneous mixing through-
out the ﬂow. The Phantom V12 fast camera was placed in the ﬂow downstream of the test
section, its axis facing the TLV. The 100 mm lens had to be cleaned every 5 s, that is, every
14,000 to 37,000 snapshots because of the parafﬁn condensation. The views are oriented
from downstream to upstream and the sign of rotation is deﬁned in that context. Velocity is
computed on 12 12 px spots by an iterative algorithm with 50% overlap. The resulting
physical velocity ﬁeld resolution is about 0:4 mm in each direction.
Three cross-stream sections of the TLV in the gap region were considered: x ¼ 40 mm
that is, one-ﬁfth chord upstream from the Trailing Edge (TE), x ¼ 20 mm, one-tenth chord
upstream from the TE, and x ¼ 2 mm, the latter being slightly downstream of the TE,
almost in the same cross section.
The default image window was a 608  600 px ﬁeld roughly centred on the TLV
core, covering a 42 mm 42mm window of the y z plane: in a given cross section,
36, 500 image-pairs were obtained from a set of ﬁve data series each made of 7300
Figure 7. TVL roll-up in three cross sections obtained from 2D-2C PIV: x ¼ 40; 20 and
þ200A0mm: the trace of the airfoil on the casing plate is shown on the left part of the plot in
dark grey. The mean streamwise vorticity component is plotted; red corresponds to anti-clockwise and
blue to clockwise rotation. The spots surrounded by a yellow circle correspond to measurement noise. It can
be seen that the vortex is almost parallel to the x-direction, i.e. it roughly follows the direction of the
upstream flow.
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image-pairs acquired at a 7 kHz rate. For these high frequency measurements, the separation
between two images was t ¼ 5 ms in order to obtain a relative particle displacement above
5 px.
In the downstream section x ¼ 2 mm, data were also collected in a larger domain with a
1280  800 px matrix surrounding the TLV core, covering a 90 mm 56mm ﬁeld of the
y z plane. In this x ¼ 2 mm cross section, 13, 900 image-pairs were obtained from a set of
ﬁve data series each made of 2780 image-pairs acquired at the rate of 3 kHz. The size of this
domain allowed an insight into the tip/TE edge region as well as into the pressure side
region. Most results shown here are obtained in this domain.
The 2D-2C PIV set-up is illustrated on Figure 8.
Mean flow
Mean and rms velocity components. In this section, results are shown in the x ¼ 2 mm section.
The results for both image sizes are compared on their shared area in Figure 9. Iso-contours
of the mean velocity and of its ﬂuctuations are plotted. First it can be observed that the
contour lines agree very well despite the fact that the PIV system did not have the same
setting for both image sizes. This gives conﬁdence as to the reproducibility of the 2D-2C TR
PIV measurements.
As to the content, the typical features of an anti-clockwise rotating vortex can be seen in
this section of the TLV. In the right part of the plots, a second weaker vortex can be guessed,
corresponding to a second relative maximum of the velocity ﬂuctuations, but it does not
appear very clearly and its sign cannot be told from Figure 9. The rectangular lines in the left
part of the plots deﬁne the contours of the airfoil as seen from the camera but they have
no physical meaning in terms of velocity since the signal in this region is perturbed by light
reﬂections. The trailing edge (TE) corresponds to y ¼ 0.
Figure 8. Set-up for 2D-2C TR-PIV measurements. The camera is oriented towards the incoming flow
and the TLV axis; the lens receives airflow despite the flow deviation by the airfoil. The sketch illustrates
the set-up for measurements in the x ¼ 2 mm plane.
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Mean vorticity and NAM. The mean vorticity in the x ¼ 2 mm section is plotted on
Figure 10(a). On this plot, several vortical structures can be identiﬁed: a large anti-clockwise
vortex, which is the TLV; on its outward facing side (right), there is another counter-rotating
vortex, which is due to ﬂuid entrained by the TLV. Finally, anti-clockwise vorticity can
be seen in the tip clearance that is due to ﬂow separation on the pressure side of the blade.
The latter is the mechanism that occurs along the whole pressure side and feeds the TLV.
Note that the vorticity appearing on the blade surface (rectangular shape) cannot be interpreted
as the light reﬂections ﬂaw the signals in the blade vicinity. The vorticity indicates how the
various vortices are located in the ﬂow and it is possible to deduce their strength by integration.
However, vorticity is neither appropriate to precisely determine the vortex centre when the
cross-section is not elliptic, nor ideal to determine the boundaries of the vortex.
In order to identify the centre of a vortical structure and its spatial extent, two tools based
on the concept of Normalised Angular Momentum (NAM) have been developed in the past,
namely the functions 1 and 2.
7,8). The two functions consider only the topology of the
velocity ﬁeld and smooth out the small-scale turbulent intermittency.
The vortex centre identiﬁcation function 1 at a ﬁxed point P is deﬁned as the NAM
based on the absolute velocity as follows
1 Pð Þ ¼ 1
S
Z
M2S
ðPM ^UMÞ 	 x
kPMk 	 kUMk dS
Figure 9. 2D-2C TR PIV in the x ¼ 2 mm section for the two measurement windows. Iso-contours of
the mean velocity components V plot (a), W (plot (b) and the rms values of their fluctuations
Vrms and Wrms on plots (c) and (d), respectively. Large window: dashed lines, small window: solid lines.
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where S is a two-dimensional area surrounding P and x is the unit vector normal to the plane
(here the streamwise direction). j1j is a dimensionless scalar bounded by 1. This bound is
reached at the vortex centre and the sign of 1 indicates the direction of its rotation and 1
appears as the absolute NAM.
Similarly, the vortex boundary identiﬁcation function 2 is derived from relative velocity
ﬁeld, by taking into account a local convection velocity ~UP around P
2 Pð Þ ¼ 1
S
Z
M2S
½PM ^ ðUM  ~UPÞ
 	 x
kPMk 	 kUM  ~UPk
dS
where ~UP ¼ 1S
R
S U dS. Thus 2 appears to be a relative NAM.
Since the velocity ﬁeld of the PIV measurements is sampled at discrete spatial locations,
the two functions are approximated in the post-processing by
1 Pð Þ ¼ 1
N
X
S
ðPM ^UMÞ 	 z
kPMk 	 kUMk
2 Pð Þ ¼ 1
N
X
S
½PM ^ ðUM  ~UPÞ
 	 z
kPMk 	 kUM  ~UPk
where N is the number of points M inside S.
These two functions are applied to the 2D-2C TR PIV ﬁeld obtained in the x ¼ 2 mm
plane and plotted in Figure 10(b) and (c). Velocity vectors are also indicated on these plots.
The rectangles without vectors correspond to the airfoil as seen by the fast camera.
Compared to plot (a), the function 1 gives a much narrower spot around the vortex
centre position. In fact the vortex centre can be determined much more precisely since it
corresponds to maximum of 1. In the present case, the two vortex centres are found at
y, zð Þ  ð41 mm; 7:8mmÞ and at y, zð Þ  ð69 mm; 10mmÞ. The vortex boundary identiﬁcation
function 2 shows that the two vortices are much larger than the region of high vorticity.
The TLV is connected to the ﬂow past the tip clearance. It is noteworthy that the secondary
vortex ‘‘guessed’’ on the velocity plots is clearly identiﬁed with these identiﬁcation tools. This
vortex is due to entrainment of ﬂuid from the boundary layer by the TLV rotation.
Figure 10. Mean vorticity: plot (a), 1: plot (b) and 2: plot (c), in the x ¼ 2 mm section. Mean velocity
vectors are also shown to show the local in-plane flow direction.
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Unsteady flow
In order to give an idea about the instantaneous ﬂow that provides the statistics discussed so
far, a few snapshots of the ﬂow ﬁeld are shown in this paragraph. The snapshots are
gathered on plots (a) to (f) of Figure 11 and display six consecutive maps of the instantan-
eous 2D velocity modulus associated with the local instantaneous velocity vectors. In order
to provide an insight into the ﬂow near the gap (the measurement plane is slightly down-
stream of the airfoil), results are shown for the large domain, thus the sampling frequency is
3 kHz and the snapshots are generated every 0:33 ms.
Figure 11. Snapshots of the instantaneous velocity (modulus and vectors) in the large domain obtained at a
3 kHz rate. (a) t0; (b) t0 þ 0:33 ms; (c) t0 þ 0:66 ms; (d) t0 þ 1:00 ms; (e) t0 þ 1:33 ms and (f) t0 þ 1:67 ms.
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On these plots it is interesting to underline the strong variability of the ﬂow at successive
instants. The vortex rotation can be guessed when comparing successive snapshots, although
it must be kept in mind that the structures shown on the plots also move at high speed in the
normal-to-plane (x) direction. The maximal velocity exceeds sporadically 100 m=s but at
isolated spots, where the average is rather around 50 m=s (see Figure 9). At such points, the
velocity may drop down to very low values (5 40 50 m=s) a few moments later.
Another interesting point is the blue spot oscillating around ð42 mm; 10mmÞ that corres-
ponds to the TLV centre. The oscillatory motion of the TLV centre is a feature to investigate
in more detail that is beyond the scope of the present paper.
Spectra obtained by PIV conﬁrm the trends shown by the LDV analysis. In Figure 12,
PIV spectra Gww of the vertical velocity ﬂuctuations w obtained at x ¼ 2 mm and y ¼ 30 mm
with two sampling frequencies (3 kHz and 7 kHz) are compared with LDV spectra shown on
Figure 6(b) at three of the vertical positions displayed in Figure 5.
In the low frequency range (up to  0:5 kHz), the PIV and LDV spectra are quite close.
The low frequency peak is more or less pronounced on the PIV spectra, depending on the
vertical position: at the highest point, z ¼ 20 mm, i.e. 20 mm above the trailing edge corner,
the peak is well captured by the PIV measurements. The decrease at higher frequencies,
however, is not well captured by the PIV measurements. This is partly due to aliasing as
can be seen when comparing the plots (a) and (b) of Figure 12 that are obtained for different
sampling frequencies. Therefore, the discrepancy may partly be mended by using an anti-
aliasing ﬁlter. This also seems to indicate that aliasing starts well below de Nyquist fre-
quency, which shows that the rapid ﬂow changes are difﬁcult to approach quantitatively
using PIV. This holds especially in the present situation where the normal-to-plane ﬂow
reaches high speeds and the smoke particles cross the PIV plane in a very short time.
2D-3C TR PIV set-up
Time-resolved PIV measurements were also carried out for the three velocity components in
2D regions (stereo – TR PIV). For the purpose of comparison, the measurement planes were
Figure 12. Comparison of PIV a LDV spectra at x¼ 2mm and y0 ¼ 30 mm. Line: LDV; dotted line: PIV.
z ¼ 0 (black), z ¼ 10 mm (red); z ¼ 20 mm (blue). (a) Comparison with 3 kHz PIV (b) Comparison with
7 kHz PIV.
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the same as for the 2D-2C TR PIV. Moreover, since 2D-3C is very difﬁcult to tune properly,
it could thus be validated against the 2D-2C TR PIV results.
For the measurement of three velocity components u, v,w in a cross-stream plane y, zð Þ,
the Laser source was associated with two high speed cameras in order to obtain the off-plane
velocity component U across the light sheet. In order to minimise light reﬂections on the
airfoil, the Laser source was placed under the casing plate that was equipped with a glass
window. The source was a Quantronix Dual Cavity Laser that could be directed via a mobile
arm. Here also the ﬂow was seeded with vaporised parafﬁn at the inlet of the wind-tunnel
fan. The two Phantom V12 fast cameras were equipped with 135 mm lenses. They were
placed on the suction side downstream and upstream of the airfoil pointing towards the
TLV region as shown in Figure 13. The lenses made a 45angle with respect to the test
section on each side of it. Thus the sheet only marginally impacted the part of the airfoil
facing the cameras. Each camera was equipped with a Scheimpﬂug support to compensate
for angular distortion. Velocity was computed on 12 12 px spots by an iterative algorithm
with 50% overlap.
The default image window was a 608  600 px ﬁeld centred approximately on the TLV
core, covering a 50 mm 25mm ﬁeld of the y z plane: in a given cross section, 2 36, 500
image-pairs were obtained from a set of ﬁve data series each made of 7200 double image-
pairs acquired at a 7 kHz rate.
However, in the downstream section x ¼ 2 mm, a few measurements were also carried out
on a larger domain (800  800 px) for each camera surrounding the default domain at a
3 4 kHz rate in ﬁve sets of 3900 double image pairs. The resulting physical domain covers
a 69 mm 38mm region.
The 2D-3C PIV set-up is illustrated in Figure 13.
Mean and rms velocity
The 2D-3C mean velocity ﬁeld is plotted in Figures 14 and 15.
Figure 13. Set-up for 2D-3C TR-PIV measurements. The source is located beneath the casing plate
that is equipped with a glass window. The cameras are oriented with a 45 angle towards the measure-
ment plane. The sketch illustrates the set-up for measurements in the x ¼ 2 mm plane.
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In Figure 14, the iso-contours of the mean velocity and its ﬂuctuations are plotted for
the cross-stream components v and w. Both PIV approaches are compared. They agree
remarkably well: this is a strong conﬁdence indicator for the stereo-PIV (3C) approach, as
the set-up is much more complicated and difﬁcult to tune than for classical two component
PIV: indeed, the adjustment of the two cameras and their focus on the same region of space are
Figure 14. Comparison of 2D-2C and 2D-3C PIV on the cross-stream components. Plot (a): iso-con-
tours of V; plot (b): iso-contours of W; plot (c): iso-contours of Vrms; plot (d): iso-contours of Wrms
Figure 15. Comparison of the 2D-3C PIV streamwise components for the large (solid lines) and the
small (dashed lines) window. Left plot: Iso-contours of U; right plot: Iso-contours of Urms.
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major challenges. Here the iso-contours of mean and rms values of v and w almost superimpose
over the whole shared domain.
For the streamwise component of the 2D-3C TR PIV, the other PIV technique does not
provide comparison data. Therefore, a comparison of the streamwise velocity obtained from
the large and the small domain is plotted in Figure 15. Again the iso-contours ﬁt almost
perfectly despite the fact that the cameras had to be recalibrated and the acquisition par-
ameters adapted, when changing from one domain to the other. It is interesting to observe
that the streamwise velocity diminishes considerably but remains positive near the airfoil
although it is not really a surprise: the test section is slightly downstream of the TE and
therefore one would not expect any ﬂow reversal.
The other interesting point about the mean streamwise velocity is that it becomes very
large near the vortex centre where it reaches about 90 m=s (30% above U0). The streamwise
ﬂuctuations have several maxima: there is a region between 35 and 58 mm, where the ﬂuc-
tuation level is quite high, with local maxima. This region weakens and extends further to the
Figure 16. Comparison of streamwise and spanwise mean velocity profiles in the cross-stream direc-
tion, obtained by PIV and the LDV
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airfoil at z ¼ h=2, just as in Figure 6.c of Jacob et al.1 Another region of high streamwise
ﬂuctuations at z  h starts about y4 65 mm. This region is incomplete because the right
limit of the large PIV domain is reached: the only fact that can be observed is that this region
does not appear at z ¼ h=2 for y5 65 mm. In Jacob et al.1 Figure 6(c), obtained at
z ¼ h=2, this region appears indeed to be further out in the ﬂow.
Comparing PIV with LDV
PIV and LDV results are compared for two streamwise and spanwise velocity proﬁles in the
cross-stream direction on Figures 16 and 17.
The mean velocity at two spanwise positions of the x ¼ 2 mm plane and the rms value of
the corresponding ﬂuctuations, respectively, are displayed. For the streamwise velocity com-
ponent, only 2D-3C PIV can be compared to LDV, whereas for the spanwise component, the
2 PIV approaches and the LDV can be compared.
Figure 17. Comparison of streamwise and spanwise velocity fluctuation profiles in the cross-stream dir-
ection, obtained by PIV and the LDV.
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The agreement between PIV and LDV data is excellent for the spanwise velocity and its
ﬂuctuations except in the vicinity of the airfoil, where light reﬂections perturb some of the
data. This is obviously the case for the 2D-2C PIV measurements. There is also uncertainty
about the velocity ﬂuctuations in this region: the airfoil near wake turbulence is obviously
underestimated by both PIV approaches.
Similar conclusions can be drawn about the streamwise velocity: the two estimates of U
collapse very well, except for the y  3mm offset between the peak values of the PIV and
the LDV: a possible explanation would be that the two measurements were not carried out
exactly in the same plane, and since the wake is oblique, turned to the decreasing y, its deepest
point moves accordingly. The TLV grows as it moves downstream: therefore its maximum U
moves to smaller values of y, whereas its minimum moves towards increasing values of y. This
is exactly the trend that can be seen between the blue and the red proﬁles (Figure 16(a) and
(b)). Consequently, the PIV plane would be somewhat further downstream than the LDV axis.
Only the amplitudes (wake depth, vortex max/min) do not ﬁt into that scheme, since they
should all (slightly) decrease, whereas they do not follow a clear trend. Another factor explain-
ing y-offset is that the length of the LDV control volume in the y-direction is about 2:4 mm.
The last factor is that the PIV probes and light sheets are positioned without ﬂow: when the
ﬂow is started, the whole test section is slightly shifted to the suction side because of the strong
lift, whereas the Laser probe is on a ﬁxed support. This is not the case with the LDV meas-
urements for which the tuning is carried out in the presence of the ﬂow. The peak values of
Urms predicted by LDV are about 50% higher and the results are hardly compared in the wake.
The reason is unclear but one should keep in mind that the streamwise velocity in the stereo
PIV approach is measured for particles crossing the light sheet thickness: this is an intrinsic
source of error since the crossing time is necessarily very short.
Error estimates both in amplitude ( 5%Þ and in the y coordinate (3 mmÞ are plotted in
Figure 18 for the two mean ﬂow components at the z ¼ 0 position (corresponding to
Figure 18. Error estimates on the mean streamwise and spanwise velocity components U and W, for
the LDV (blue), 2C PIV (black) and 3C PIV (red) measurements. The dotted lines indicate the error
bounds on the y position: they have been summed up for the LDV component for the sake of clarity.
The region where no spanwise velocity was found in the 2C PIV has been removed since it is due to
reflexions.
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Figure 16(a) and (c)). Figure 18 shows that the 2C and 3C PIV planes as well as their
coordinates are well deﬁned with respect to each other. The remaining differences between
the three approaches are likely to be due to the error on the streamwise position that cannot
be estimated properly since measurements have not been carried out in neighbouring planes.
As far as levels are concerned, the high values lie within the error bar, whereas the lowest
values are not equally represented by the three approaches. Nevertheless, the comparison
between PIV and LDV gives very good overall results and one has to be aware of the stereo-
PIV limits.
Far field measurements
The acoustic far ﬁeld was measured with a Bruel & Kja¨er ½00 Microphone that was placed
2m away from the suction side, forming a 90 angle with the mean ﬂow direction. The
measurement was repeated after removing the gap in order to compare the noise with vs.
the noise without gap.
The resulting power spectral density is plotted in Figure 19: the gap induces a non-negligible
sound emission between 0.7 and 7kHz approximately. The noise with gap peaks out as much
as 6 dB near 3:5 kHz. This measurement conﬁrms the observations made in Jacob et al.,1
but with the improved test rig the gap noise is clearly above the background noise. However,
regarding the perturbation detected in the range 30 100Hz, which was interpreted as an
oscillation of the TLV, no evidence of it is found in the far ﬁeld spectrum.
Conclusions
The experiment described in this paper is a continuation of the experiment presented in
Jacob et al.1 but for minor changes. It corresponds to a novel type of conﬁguration that
has not been studied elsewhere. Moreover, the TR-PIV measurements, and more speciﬁcally
Figure 19. Far field at 2m and 90 from the airfoil suction side. Blue: without gap. Red: with
h ¼ 10 mm gap.
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the 2D-3C TR PIV (or stereo-TR PIV) discussed here are quite new techniques that have not
often been applied to such a complex conﬁguration at such high speeds. Although the
beneﬁts of the time resolution have not yet been much exploited, the feasibility of such
measurements as well as the quality of the data have been assessed by cross-checking the
results obtained from various techniques.
One outcome of these measurements is that results found in the earlier experiment are
conﬁrmed. In particular, earlier investigations indirectly characterised the TLV since the
velocity components v and w were not measured as they were this time: thus only a footprint
of the TLV was evidenced.1 This has now been improved by carrying out PIV measurements
in the plane normal to the main ﬂow direction, which was challenge that required a dedicated
experiment.
The other major achievement was to increase the signal-to-noise ratio of the tip noise,
which was achieved by reducing the boundary layer thickness as well as its interaction with
the leading edge and by reducing the main ﬂow noise at the edges of the supporting plates,
using brushes.
Among the ﬁndings of this experimental campaign, there is a low frequency oscillation of
the TLV, whose mechanism is yet unclear but which does not seem to signiﬁcantly radiate
into the far ﬁeld. Additionally, a clear hump at medium and high frequencies (0:7  7 kHz)
is found in the far ﬁeld, that conﬁrms the conclusions of Jacob et al.1 and that is also found
in the paper of Boudet et al.5
Moreover, the data set generated in this experiment is suitable for comparison with
unsteady CFD such as LES. This is the point of the paper by Boudet et al.,5 which could
be seen as part two of the present paper since it examines and validates a LES against the
data presented herein.
Finally, the results for this non-rotating geometry might be partially extended to rotating
blades as far as the self noise generation mechanisms of a blade are considered: the inter-
action of the unsteady tip vortex with the edges of the blade. For rotating blades, two
additional mechanisms might be encountered, which are not covered by the present study:
interactions of the TLV with neighbouring blades and possible rotating instabilities or their
onset, as reported by Boudet et al.9 and Cahuzac10.
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Appendix
Notation
c airfoil chord
c0 speed of sound in medium at rest
Cp pressure coefficient ¼ ð p p0Þ = 12V20
e airfoil thickness
f frequency
Gww, Guu spectral density of spanwise (w) and streamwise (uÞ velocity fluctuations
h gap
H shape factor
‘ airfoil span
O origin of coordinate system located on the trailing edge/tip corner
O0 origin of coordinate system located on the casing plate beneath the leading
edge
p, p0 pressure, ambient pressure
Rec chord-based Reynolds number
Reh gap-based Reynolds number
u, v,w instantaneous velocity components in x, y, z directions respectively
urms, vrms,wrms root mean square of velocity fluctuations in x, y, z directions respectively
U, V, W mean velocity components in x, y, z directions respectively
U0 mean incoming velocity in streamwise (x) direction
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x, y, z streamwise, cross-stream (pointing away from airfoil suction side into the
flow) and spanwise (from bottom (casing) plate to top) coordinates from
origin O
X,Y,Z parallel to x, y, z, but attached to origin O0
1 vortex centre identification function
2 vortex extent identification function
,  boundary layer thickness and displacement thickness
 observer angle (with respect to the main incoming flow direction x)
 momentum thickness
 air density
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